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An experimental platform of ultralow-temperature pulsed ENDOR (electron-nuclear double reso-
nance) spectroscopy is constructed for the bulk materials. Coherent property of the coupled electron
and nuclear spins of the rare-earth (RE) dopants in a crystal (143Nd3+:Y2SiO5) is investigated from
100 mK to 6 K. At the lowest working temperatures, two-pulse-echo coherence time exceeding 2 ms
and 40 ms are achieved for the electron and nuclear spins, while the electronic Zeeman and hyperfine
population lifetimes are more than 15 s and 10 min. With the aid of the near-unity electron spin
polarization at 100 mK, the complete hyperfine level structure with 16 energy levels is measured us-
ing ENDOR technique without the assistance of the reconstructed spin Hamiltonian. These results
demonstrate the suitability of the deeply cooled paramagnetic RE-doped solids for memory compo-
nents aimed for quantum communication and quantum computation. The developed experimental
platform is expected to be a powerful tool for paramagnetic materials from various research fields.
Electron-coupled nuclear spins in solids are promis-
ing candidates for the memory components in quantum
computation and quantum communication. The electron
spins can be dedicated to interface with superconducting
circuits [1–3], while long-term storage is provided by the
nuclear spins to access much longer coherence lifetimes
[4, 5]. Arbitrary qubit states can be coherently trans-
ferred between the electron and nuclear spins with high
fidelity [6, 7]. Large storage bandwidth is promised by
the GHz-range electronic Zeeman, and electron-nuclear
hyperfine interactions [4, 8–10]. This is also the appeal-
ing physical platform for the realization of optical quan-
tum memory at the telecom wavelength with sufficient
storage time and efficiency [4].
Although there is a general interest to lower the work-
ing temperature to decelerate the decoherence processes
[5, 7, 11], coherent properties of the electron-coupled nu-
clear spin systems at sub-Kelvin temperatures are still
not clear. As a basic tool, the coherent dynamics of
the coupled electron and nuclear spins can be investi-
gated with pulsed ENDOR spectroscopy [6, 12, 13], which
has only been conducted at liquid-helium temperatures
for bulk materials. In this Letter, we report a compre-
hensive enhancement of the population and coherence
lifetimes of both the electron and the coupled nuclear
spins, which are measured with pulsed EPR (electron
paramagnetic resonance) and ENDOR spectroscopy at
temperatures down to 100 mK when the electron spins
are almost fully polarized. RE-ion-doped solids, the
model system studied herein, is state-of-the-art candidate
material for optical quantum memory [14–19] with the
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potential for microwave memory [7] and microwave-to-
optical quantum transduction [20, 21]. For RE-ion-doped
solids at sub-Kelvin temperatures, there have been pre-
vious works concerning on the optical coherence lifetimes
[10, 22, 23], but reports on the coherent spin dynamics
are rare [24, 25]. In this work as the sample temperature
is reduced into the sub-Kelvin region, the growth of spin
relaxation and coherence times is observed to accelerate
simultaneously. In addition, with the aid of the near-
unity polarization of the electron spins, the complete hy-
perfine structure of the ground state of 143Nd3+:Y2SiO5
is experimentally resolved via a series of novel pulsed EN-
DOR sequences.
The sample, a Y2SiO5 crystal doped with isotopi-
cally purified 143Nd3+ ions of 20 ppm, is mounted in-
side a modified cylindrical dielectric resonator (Bruker
EN4118X-MD4) with a copper head integrated with its
shell above the sample space. Thermal conduction to
the sample is provided by two rods made of high-purity
single-crystal silicon [26]; see Fig. 1(a). The EPR reso-
nance frequency is fr = 9.56 GHz. More details on the
hardware are given in Sec. 1 of the supplemental mate-
rial (SM) [27]. Unless otherwise stated, the orientation
of the external field B0 is close to the D1 optical extinc-
tion axis of the crystal (within the error of ∼ 2◦); MW
and RF pulses with peak powers of 20 W and 100 W are
employed to coherently drive the electron and nuclear
spin ensembles, respectively. The need for high power
is thought as a major challenge when performing pulsed
EPR and ENDOR experiments at sub-Kelvin tempera-
tures [28]. Therefore, verification of the sample temper-
ature is indispensable.
Preliminarily, the integrated area of the electron spin
echo (ESE), which is proportional to the electron spin po-
larization Pe = tanh(
hfr
2kBT
), is used to calibrate sample
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FIG. 1: Characterization of the sample temperature. (a) Thermal conduction components around and inside the
ENDOR resonator. Stress can be applied to the sample by the screw for better thermal contact. (b) Temperature dependence
of the integrated area of ESE. The red line is the fit to a Boltzmann distribution. Profiles of the echoes recorded at various
temperatures are shown in the inset. (c) Temperature dependence of T1e for even isotopes of Nd
3+ with I = 0. The red solid
line is the fitted curve based on the spin-lattice relaxation model and the T1e data above 2 K. The cyan stars represent the T1e
measured below 2 K. The contributions from the direct, Raman and Orbach processes are also displayed independently with
dashed curves colored in blue, purple and orange, respectively.
temperature. Here, h is the Planck constant, kB is the
Boltzmann constant, and T represents the sample tem-
perature. To take advantage of the simple level structure
of a standard spin-1/2 system, B0 is set to 458.2 mT.
The remaining even isotopes of Nd3+ with I = 0 are
addressed (see Fig. 2(a)). ESE is produced by the con-
ventional two-pulse sequence of pi/2 − τ − pi − τ−echo,
in which the pi pulse is 48 ns and τ is set to 1 µs, much
shorter than the electron spin coherence time. It can be
observed from Fig. 1(b) that the integrated area of ESE
at various temperatures agrees very well with the fitted
line. At 100 mK an electron spin polarization of 98% is
achieved. In this regime the cross relaxation among the
electron spins can be negligible [29, 30].
The sample temperature is also verified by means of
the dynamical process of the electron spin. The elec-
tron spin relaxation time T1e is measured by inversion
recovery sequences. Its temperature dependence can be
modelled with the well-established spin lattice relaxation
(SLR) mechanism, see Eq. (2) of SM [27]. We used the
T1e data at higher temperatures from 2 K to 6.5 K to
generate the fitted curve in Fig. 1(c) and extrapolated
it down to 100 mK. T1e recorded at lower temperatures
perfectly follow this predicted curve. The longest T1e of
17 s was obtained at 100 mK, which has reached the limit
imposed by the spontaneous emission of phonons [31].
Taking advantage of the ultra-low sample tempera-
ture, here we develop a series of novel ENDOR sequences
to directly measure the complete ground-state hyperfine
level structure of 143Nd3+:Y2SiO5. A concise guideline
is shown in Fig. S4 of SM [27]. This method is free from
additional optical transitions [4, 8], or the reconstructed
spin Hamiltonians [32, 33], as required in previous stud-
ies.
For the selected EPR transition (see Fig. 2(a)), the
NMR transitions with ∆mS = 0 and ∆mI = 1 can be
detected by Davies ENDOR ([34], see also in Fig. S5(a)
in SM [27]). Here we use the ket |mS ,mI〉 to denote the
electron and nuclear spin projections. Two resonance
lines located at 212.4 MHz and 219.7 MHz are shown in
Fig. 2(b). These lines correspond to the transitions of
|mS ,+1/2〉 → |mS ,+3/2〉 (see Fig. S5 in SM [27]), where
mS can be +1/2 or -1/2. A critical step is to decide the
electron spin projection mS for these lines [7, 11, 27].
This can be experimentally resolved at 100 mK when
the electron spin is almost fully polarized. As shown
in Fig. 2(c), nuclear spin polarization can then be estab-
lished after the MW and RF pi pulses and the subsequent
waiting time of TW = 60 s. If the RF frequency is reso-
nant with the NMR transition in the lower electron spin
state (mS = −1/2), nuclear spin coherence can be cre-
ated by an RF pi/2 pulse and transferred to the electron
spin [6]. Finally, an ESE signal can be observed. Other-
wise, operations starting at the emptied energy level with
mS = +1/2 are ineffective. The experimental results are
shown in Fig. 2(d), Fig. 2(e) and Fig. S7 in SM [27].
To obtain the complete hyperfine level structure for
143Nd3+ with I = 7/2, the NMR transitions which
are unreachable by standard pulsed ENDOR experi-
ments [12] are further investigated. These transitions
|mS ,mI〉 → |mS ,mI + 1〉 with mI < +1/2 (mI > +3/2)
can be detected using a generalized Davies ENDOR tech-
nique in a step-by-step manner (see Sec. 2.2 in SM [27])
once the resonance frequencies of |mS ,m′I〉 → |mS ,m′I +
1〉, with mI < m′I ≤ +1/2 (mI > m′I ≥ +3/2), have
been determined. The resonance frequencies of these
NMR transitions can be directly measured without com-
plicated calculation and deduction. After gathering the
results from these ENDOR signals (see Fig. S9 and Fig.
S10 [27]), a complete energy level diagram can be gener-
ated, as shown in Fig. 2(f).
A comparison of T1e and the nuclear spin relaxation
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FIG. 2: Characterization of the hyperfine level structure of 143Nd3+:Y2SiO5 (a) Field-swept ESE spectrum recorded
at 6.0 K with B0 close to the D1 axis. The 18 resonance lines come from two magnetically inequivalent classes that are related
by a C2 symmetry along the crystal b axis [7]. Each of the classes contains 8 lines corresponding to
143Nd3+ with nuclear
spin I = 7/2, and one other line corresponding to even isotopes with I = 0. The resonance line with B0 = 458.2 mT used
for temperature verification is marked with a green arrow. The hyperfine level structure is determined at B0 = 402.7 mT,
which is shaded in blue. (b) Davies ENDOR spectrum recorded at B0 = 402.7 mT. (c) Pulse sequence applied to determine
the correspondence of the NMR lines to the electron spin projection mS . (d)(e) Spin-echo signal recorded at the end of the
sequence presented in (c) when RF is set to 219.7 MHz and 212.4 MHz. In the former case, the integration of the echo is close
to zero while in the latter case a clear echo signal can be observed. (f) Complete energy level structure of the 4I9/2 ground
state of 143Nd3+:Y2SiO5, as determined with the pulsed ENDOR technique.
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FIG. 3: Temperature dependence of the electron and
nuclear spin relaxation times recorded at B0 = 402.7
mT. The measured T1n values are shown in blue squares. The
NMR transition |−1/2,+1/2〉 → |−1/2,+3/2〉 is investigated
here. The T1e data are shown in black squares. The solid lines
are the corresponding fitted curves.
time T1n recorded at B0 = 402.7 mT is given in Fig.
3. T1e is measured with inversion recovery experiments.
Due to the complex relaxation routes of the coupled
electron-nuclear spin system, here single exponential fits
to the recovery curves can work well only for the data
acquired at temperatures higher than 500 mK, see Sec.
5 of SM [27]. Nevertheless, for integrity, the electron
spin relaxation times displayed in Fig. 3 are still the re-
sults of single-exponential fits over the full temperature
range. T1n is measured using the sequence presented in
Fig. 2(c). The MW and RF pi pulses are 52 ns and 1.08
µs in length, see Fig. S4 in SM [27]. For 143Nd3+, nuclear
spin relaxation is dominated by the rapid relaxation of
the electron spins above the electronic Zeeman temper-
ature of hfr/kB ∼ 460 mK. This behavior manifests as
a constant ratio σ between the two relaxation rates [31],
which is obvious in Fig. 3. However, as the temperature
decreases, the electron spins start to freeze out, and the
much slower SLR of the nuclear spins themselves starts
to take the place. The nuclear spin relaxation can thus
be modelled as follows [35, 36]:
T−11n = σ(1− P 2e )T−11e + γd coth(
hfn
2kBT
) + γrT
9
+γof
3
r exp(−
hfr
kBT
),
(1)
where fn represents the NMR transition frequency of
212.4 MHz, and γd, γr, and γo are the coupling factors
of the direct, Raman and Orbach processes, respectively.
The fitted parameters are provided in Sec. 5 of SM [27].
The T1n data show excellent agreement with the fitted
curve. Moreover, there is a strong temperature depen-
dence for T1n even below 100 mK. T1n of 13.8± 2.3 min
is obtained at 75 mK, which is much longer compared
with the optically excited state lifetime of ∼ 300 µs [37].
This is highly profitable for the efficient optical pumping
and long-term quantum storage using 143Nd3+:Y2SiO5
[4, 18].
The study of T2e is conducted during the second period
of cooling, utilizing the same EPR transition, see Sec. 3
of SM [27]. The temperature dependence of T2e is given
in Fig. 4 along with the fitted curve based on the model
which is discussed in Sec. 5 of SM [27] in detail. Magnetic
field fluctuation caused by the SLR-induced electron spin
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FIG. 4: Temperature dependence of the electron and
nuclear spin coherence times recorded at B0 = 402.7
mT. The measured T2n values are shown in red squares along
with the red solid line as the fitted curve. T2e values measured
with soft pulses and the nominal flipping angles of pi are shown
in blue triangles. The blue solid line is the fitted curve. The
green stars are T2e data measured with the refocusing pulses
of 200 ns. These measurements are conducted below 1 K for
a high single-to-noise ratio. The purple hexagons represent
the deduced T2e values, from which the ID effect has been
eliminated.
flips is the main source of decoherence for both the elec-
tron and nuclear spins. The decay of spin echoes there-
fore follows the Mims decay law [38] taking the form as
exp[−(2τ/T2)m]. In Y2SiO5 the Nd3+ ions preferentially
occupy one of the Y3+ crystallographic sites [7], but as
shown in Fig. S14 of SM [27], the impact of the dopant
ions located at the other site should not be omitted. This
can lead to inaccuracy to the modelling. When the tem-
perature is reduced, the SLR rate would slow down, and
the electron spins can be eventually frozen out. As a re-
sult, the electronic SLR-induced decoherence effect can
be gradually inhibited. While to alleviate the instanta-
neous diffusion (ID) effect which results from the com-
pulsory electron spin flips following the refocusing pulse
in a two-pulse Hahn echo sequence [39], here soft pulses
are utilized in the T2e measurements [40]. The MW peak
power is set to 75 mW and the nominal pi pulses are 700
ns. At 100 mK, T2e of 2.18±0.09 ms is obtained with a
reduced refocusing pulse of 200 ns. The stretch factor is
m = 1.42± 0.09. This is the longest electron spin coher-
ence time obtained for RE ions without the assistance of
a clock transition, and it have been comparable to other
solid-state spin systems such as defects in diamonds and
in SiC.
The temperature dependence of T2n is also shown in
Fig. 4 along with the fitted curve based on Eq. (6) in
the SM [27]. T2n is measured with the sequence to ac-
complish microwave memory using the coupled nuclear
spins [6]. T2n of 43 ± 7 ms with a stretch factor of
m = 1.65 ± 0.24 is obtained at 100 mK. Once the elec-
tron spins have been frozen out, T2n is ultimately limited
by the flip-flops of the host nuclear spins. From the ef-
fective spin Hamiltonian, see Sec. 4 in the SM [27], the
gradient of the NMR transition frequency with respect
to the external magnetic field can be calculated as 160
MHz/T. Considering the 89Y nuclear spins in the bulk
far from the central Nd3+ ions, T2n can be accordingly
estimated to be ∼ 250 µs. However, the experimentally
measured T2n is more than 2 orders of magnitude longer.
This is the result caused by the frozen core effect induced
by the large magnetic moment of the central Nd3+ elec-
tron spins [4, 41]. Strong hyperfine coupling between the
central electron spin and each of the neighbouring host
nuclear spins can cause detuning among the host nuclear
spins. Flip-flops can thus be heavily suppressed.
In order to further extend the coherence lifetime of
the electron spin, besides the impacts of the host nuclear
spins, at least two limiting factors are needed to be con-
sidered. The first one is the remaining ID effect. As
deduced from Fig. S15 in the SM [27], under the reduced
refocusing pulse of 200 ns, the ID effect can still account
for a T2e,ID = 5.1 ms. Secondly, When measuring T2e
in an electron spin ensemble, all of the resonant electron
spins are excited, and these electron spins are no longer
polarized. At 100 mK this would cause a T2e,SD ≈ 10.5
ms. These two effects can be minimized in a low-doping
sample, or even better, in single-ion systems [23]. To
overcome the superhyperfine limit for both the dopant
electron and nuclear spins, in principle the most efficient
way is to adopt a host material with much lower nuclear
spin concentration [42, 43]. Otherwise, the detrimental
effect of the host nuclear spins should be somehow inhib-
ited. For example, the zero-order Zeeman technique and
dynamical decoupling can be applied for both of the MW
and RF transitions [8, 41].
In conclusion, comprehensive enhancement of the pop-
ulation and coherence lifetimes is achieved in the sub-
Kelvin temperature regime for both the electron and nu-
clear spins, with the compatibility of high quality and fast
manipulations [27]. The pulsed ENDOR protocol used
for hyperfine structure characterization can also be gen-
eralized to other spin systems for which the spin Hamil-
tonians are hard to be precisely determined [10, 44]. The
generalized Davies ENDOR sequences are well extend-
able to analyze the hyperfine level structure in the optical
excited state using Raman heterodyne detected ENDOR
technique [45].
In addition, the compatibility of the sub-Kelvin sample
temperature with a conventional 3D ENDOR resonator
makes this spectrometer a versatile equipment suitable
for EPR samples from various research fields. For exam-
ple, it is also promising to enhance the coherent prop-
erties of molecular nanomagnets [46, 47]. More intrinsi-
cally, the duration of a pulsed EPR experiment should
be less than the spin relaxation time, which is typically
highly dependent on the sample temperature. Thus with
a wider working temperature range, broader options of
the samples and the experimental pulse sequences can
5be expected. For instance, the rapid increase of the nu-
clear spin relaxation time at sub-Kelvin temperatures,
as observed in this study, is possible to provide some
previously inaccessible ENDOR signals for the [NiFe]-
hydrogenase [48], and for the Mn cluster in Photosystem
II [49]. Besides, a high degree of electron spin polariza-
tion at sub-Kelvin temperatures can also lead to an op-
portunity for the ground-spin-state investigation [50, 51],
and a complete characterization to the hyperfine coupling
constants [52].
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1. The pulsed EPR and ENDOR set-up
The experimental platform is based on a dilution refrigerator, self-made parts and parts of
Bruker spectrometer. The pulsed EPR bridge, MW amplifier (HA6047, 300 W), and console of
the Bruker E580 system, as well as the Xepr software, are retained in the system. A 100-W RF
amplifier was employed to study the nuclear spin dynamics. To eliminate the heating induced
by the background noise of the RF amplifier, a TTL control logic circuit was added to it to
ensure that the amplifier could be turned on only if there were an RF pulse being injected into
it. For the generalized Davies ENDOR sequences, a 300-W RF amplifier (BSA 1050-300/100,
BONN Elektronik) was utilized.
Cooling of the sample and the ENDOR resonator is provided by a cryogen-free dilution
refrigerator (Triton 400, Oxford Instruments). The resonator itself is thermally connected to the
mixing chamber (MC) plate by a copper tube. Three sets of coaxial cables are mounted side
by side from the room-temperature (RT) SubMiniature version A (SMA) ports to the resonator.
One of them is used for MW transmission; the other two are used to transmit the RF signal.
Cryogenic coaxial cables (SC-358/50-SSS-SS, Coax Co., Ltd.) are mounted between the SMA
ports at RT and the Pulse-Tube 2 (PT2) plate. Superconducting coaxial cables (NbTiNbTi085
and NbTiNbTi047, Keycom) are used below the PT2 stage. In addition, 0-dB attenuators are
inserted at the PT1, PT2 and cold plates to heat sink both the inner and outer conductors of
the coaxial cables, while for the still plate and the MC plate, heat conduction only to the outer
conductor is provided. The electromagnet is installed separately from the dilution refrigerator
on a rotary table that is portable along a guided rail.
The sample used for most of the investigations in this study is a 143Nd3+:Y2SiO5 crystal
with dimensions of 1.0 mm×1.4 mm×1.2 mm cut along the crystalline b, D1 and D2 axes,
respectively. The doping level is 20 ppm. The enrichment level of 143Nd is greater than 91%,
2
but there are still even isotopes remaining, as manifested in the EPR signals shown in Fig. 2(a).
The crystal is purchased from Laser Crylink (Nanjing, China).
Given there is sufficient temperature dependence for the electron spin relaxation and coher-
ence rate at the sub-Kelvin temperature range, if the sample temperature were indeed influenced
by the HP (high power, in this work represent the MW power of 20 W and the RF power of 100
W, specifically) pulses during a certain EPR pulse sequence, acceleration of the spin relaxation
(decoherence) would be well observed when the corresponding heat energy is applied along
with the relaxation (decoherence) process.
To exclude the possibility of heating induced by the HP pulses during the experimental pulse
sequences, a 1-µs-long HP RF pulse was intensionally injected just before the ESE sequence
at 100 mK. To ensure a stronger temperature dependence of T2e, the MW power is set to 75
mW and the refocusing pulse was set to 200 ns here. T2e was then measured to be 2.18 ±
0.09 ms, which was almost the same as the result obtained without the additional HP pulse,
demonstrating a negligible heating effect of HP pulses in a time scale of milliseconds. The
results are shown in Fig. S1.
We stress that although the peak power of the RF pulses was much higher than the cooling
power provided by the dilution refrigerator, most of the injected energy was directly transmitted
or reflected, and both the sample and the silicon rods were separated from the RF coil and the
dielectric material of the MW resonator. Thus the sample temperature would not rise up before
sufficient energy had accumulated. Similar results can be expected for the heating induced by
MW pulses, which was shown to be much weaker than RF heating.
As described above and in the main text, the heating effect of HP pulses was assessed in this
study through its impact on the electron spin dynamics. However, since a MW resonator is used
and the MW frequency have to be tuned on resonance, the application of MW pulses will affect
the electron spin dynamics directly. Here we demonstrate that the heating effect from the HP
3
RF pulses is much stronger than that from the HP MW pulses. Thus, the sample temperature
under HP MW excitation can be considered to have been verified indirectly if HP RF heating is
introduced in substitution. The comparison is shown in Fig. S2.
Rabi frequencies of the electron spin was measured with the simultaneously varied MW
frequency and external field in order to investigate the Q factor of the ENDOR resonator. Here
the even isotopes were utilized, i.e. B0 was initially set as 458.2 mT. Then B0 was tuned to
402.7 mT, Rabi oscillations of the EPR and NMR transitions (|−1/2,+3/2〉 → |+ 1/2,+3/2〉
and | − 1/2,+1/2〉 → | − 1/2,+3/2〉, respectively) were recorded.These results were shown
in Fig. S3. It can be observed that the Q-factor is ∼ 200 at cryogenic temperatures which is
suitable for pulsed EPR investigations. Both the electron and the nuclear spin ensemble can be
manipulated with good quality.
2. Characterization of the ground-state energy level structure
A sketch to the protocol is shown in Fig. S4. For convenience, in the following text NMR
transitions of |mS,mI〉 → |mS,mI + 1〉 are denoted as N(mS,mI).
2.1 Locating the NMR transitions detected via Davies ENDOR measure-
ments
The four NMR transitions that share the same energy level with the selected EPR transition at
B0 = 402.7 mT and have ∆mI = 1 can be represented as N(mS,mI), where mS = ±1/2 and
mI = +1/2 or +3/2. The corresponding Davies ENDOR spectrum is shown in Fig. S5(c).
The correspondence of these ENDOR lines to the value of mI can be determined by comparing
the Davies ENDOR spectra taken at B0 = 402.7 mT and B0 = 358.2 mT; see Fig. S5. The
ENDOR lines corresponding to N(mS,+3/2) should be shared by these two spectra given
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that the gyromagnetic ratio of the nuclear spin is small. Hence, when B0 = 402.7 mT, the
ENDOR lines at 165.9 MHz and 172.8 MHz correspond to the transitions N(mS,+3/2), while
the ENDOR lines at 212.4 MHz and 219.7 MHz correspond to the transitions N(mS,+1/2).
At 100 mK, the electron spin can be frozen into its lower spin state (mS = −1/2). To
determine the value of mS for the transitions N(mS,+1/2) and N(mS,+3/2), we make use of
this population difference between the energy levels with different electron spin projections by
applying the pulse sequence shown in Fig. 2(c) in the main text. An illustration of this sequence
is shown in Fig. S6. Results are shown in Fig. 2(d)(e) and Fig. S7.
From the experimental results described above, it can be concluded that at B0 = 402.7 mT,
the four ENDOR lines at 212.4 MHz, 219.7 MHz, 172.8 MHz and 165.9 MHz correspond to
the NMR transitions N(−1/2,+1/2), N(+1/2,+1/2), N(−1/2,+3/2) and N(+1/2,+3/2),
respectively.
2.2 Looking for other NMR transitions via generalized Davies ENDOR
measurements
When the resonance frequency of N(mS,m′I) (mI < m
′
I ≤ +1/2) have been already decided,
the protocol to detect the transition N(mS,mI) (mI < +1/2) is depicted as follows:
In the preparation step, the population was pumped from | − 1/2,m′I〉 to | + 1/2,mI −
m′I + 1/2〉 for m′I = +3/2,−1/2, ...,mI + 2, and mI + 1, successively. In the mixing step,
in which the RF frequency was swept, the EPR transition was depolarized by the population
transfer from |mS,mI〉, in which mS could be deliberately chosen to be either +1/2 or -1/2. In
the detection step, the spin echo intensity was monitored to produce the ENDOR spectra. A
generalized “Tidy” sequence [1] can be applied to achieve a higher experimental repetition rate.
The protocol for the detection of N(mS,mI) with mI > +3/2 is similar.
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Fig. S8(a) shows one of the generalized Davies ENDOR sequences applied to detect the
transition N(−1/2,−1/2) with its illustration shown in Fig. S8(b). This is the simplest case,
since N(−1/2,−1/2) is one of the transitions closest to the NMR transitions that can be de-
tected directly in standard Davies ENDOR experiments. If we use mI0 to denote the nuclear
spin projection corresponding to the EPR line just measured (mI0 = +
3
2
when B0 = 402.7
mT), then to detect the NMR transition N(mS,mI − 1), M MW pulses and M2 RF pulses
are required. Here, M is defined as M = |mI − mI0|. Here, as an example, the sequences
used to detect the transitions of N(±1/2,−3/2) based on the knowledge of the transitions of
N(±1/2,+1/2) and N(±1/2,−1/2) are given in Fig. S8(c).
In Fig. S9(a), two ENDOR lines of the NMR transitions N(mS,−1/2) (mS = ±1/2) are
shown. Notably, the NMR transition corresponding to mS = +1/2 or −1/2 exists in only
one of the two spectra, which is different to standard Davies ENDOR experiments. This fact
simplifies the analysis of the correspondence of mS with a particular ENDOR line.
The effect of the “Tidy” sequence is shown in Fig. S9(b).
With the variation of the RF pulse length (illustrated in Fig. S9(c)), the Rabi oscillation of
an NMR transition that is unreachable with the conventional pulsed ENDOR technique can be
observed. This is shown in Fig. S9(d), demonstrating the ability to coherently manipulate all of
the NMR transitions with ∆mI = 1.
All other ENDOR signals corresponding to the transitions N(mS,mI) are shown in Fig.
S10.
Unless otherwise mentioned, the experiments involving the generalized Davies ENDOR
sequences were performed at 6.0 K. The external field was B0 = 402.7 mT.
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3. Information about the second period of cooling
During the second period of cooling, the relative orientation betweenB0 and the Y2SiO5 crystal
was slightly different from that in the first cooling period. This can be seen from the field-swept
ESE spectrum shown in Fig. S11(a). The following T2e measurements were conducted at
B0 = 411.8 mT. The EPR transition | − 1/2,+3/2〉 → | + 1/2,+3/2〉 was again selected.
Less stress was exerted on the crystal than during the first period of cooling. The EPR linewidth
was thus significantly narrower. We also performed temperature verification by recording the
spin-echo amplitudes at various temperatures; see Fig. S11(b). Here, B0 was set to 452.5 mT,
and the even isotopes with zero nuclear spin were utilized. The ESE amplitude agreed very well
with that predicted by the Boltzmann distribution.
4. Reconstruction of the spin Hamiltonian
As we discussed in the main text, the hyperfine level structure of the Nd3+ ions can be directly
obtained in situ using our instrument, nevertheless, here we also determine the spin Hamiltonian
for Nd3+ ions for reference and comparison. For 143Nd3+ ions introduced as dopants into an
Y2SiO5 crystal, the effective spin Hamiltonian can be written as:
H = βB0 · g · S+ I ·A · S (1)
where β is the Bohr magneton; B0 is the magnetic field; g and A are the g and hyperfine
tensors, respectively; and S (I) denotes the electron (nuclear) spin operator.
Three pieces of crystal with dimensions of 13 mm×2.1 mm×2.1 mm were used here. They
were all cut with their faces perpendicular to the D1, D2 and b axes, but the 13-mm orientation
was different for each crystal. Field-swept ESE experiments were performed as the crystals
were rotated around the 13-mm orientation in increments of 5 degrees. We note that Nd3+ ions
can substitute for Y3+ ions located at two of the crystallographic sites, referred to as site I and
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site II [2]. However, in most cases, only the EPR lines from site I can be completely obtained,
possibly because Nd3+ dopants preferentially occupy site I [3]. For each crystal orientation,
the magnetic field positions of the 16 EPR lines belonging to 143Nd3+ located at site I were
recorded, see Fig. S12. When B0 has an arbitrary orientation with respect to the crystal (i.e.
not parallel or perpendicular to the b axis), each of the sites can be divided into two magnetically
inequivalent classes related by a C2 symmetry along the b axis [4]. This can lead to two sets of
EPR signals [4] as displayed in each of the subfigures of Fig. S12.
A program based on the EasySpin software package [5] was used for the simulation. When
a group of g and A matrices is generated by the computer, the peak positions can be calculated
and arranged also in order from small to large. Then we compare these simulated results with
the experimental data. The fitting progress finishes when the deviation approaches its smallest
value. Therefore we need not to really assign the peaks to the particularly predicted lines.
Ultimately, we achieved an average deviation of 18.4 Gauss for a single experimental data
point. The best-fit g tensor in the D2bD1 crystal frame is:
g =
 −1.03 −2.48 0.44−2.49 −2.19 −0.14
0.44 −0.14 1.39

The principal values are gx = −4.16, gy = 0.68, and gz = 1.65, and the corresponding
Euler angles (ZY Z convention) are α = 87◦, β = 149◦, and θ = 36◦, which describe the
transformation from the principal axis frame to the D2bD1 crystal frame.
The best-fit A tensor in the D2bD1 frame is (in MHz):
A =
 495.7 687.4 −232.8687.4 751.8 165.8
−232.8 165.8 −338.3

The principal values are Ax = 1323, Ay = −520, and Az = −137 MHz, and the corresponding
Euler angles (ZY Z convention) are α = 91◦, β = 122◦, and θ = −140◦.
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Based on the reconstructed spin Hamiltonian, the simulation shows that when the EPR spec-
trum in Fig. 2a is generated, using the language of the spherical coordinate system, the orienta-
tion of B0 is (θ, φ) = (−2.24◦,−66.35◦) with respect to (D2, b, D1).
We note that the predicted level structure at B0 = 402.7 mT using the spin Hamiltonian
coincident with our measured level structure with deviations from ∼ 1 MHz to ∼ 30 MHz. The
advantage on the accuracy of our novel pulsed EPR technique is exhibited.
5. Details of the study of the electron and nuclear spin dynam-
ics
Electron spins of RE ions can relax through different types of interactions with phonons which
are in together denoted as SLR. The three main types of SLR processes (direct, Raman, Orbach)
are taken into consideration while modelling the temperature dependence of T1e:
T−11e = αDg
3
effB
5 coth(
∆E
2kBT
) + αRT
9 + αO exp(− ∆O
kBT
) (2)
Here αD, αR and αO are coupling factors of the direct, Raman and Orbach processes, respec-
tively; ∆O represents the first excited crystal field level. The parameters used for the generation
of the fitted curves in Fig. 1(c) and Fig. 3 are displayed in Table S1.
As illustrated in Fig. 1(c) in the main text, below 2 K the relaxation of the electron spin is
dominated by the single-phonon process. For the single-phonon direct process it can be deduced
phenomenologically that T−11d = K coth(∆E/2kBT ), where K is a temperature-independent
factor [6]. In the high-temperature limit, i.e. ∆E  2kBT , there is the familiar result of T−11d ≈
2KkBT/∆E ≡ AT . However, when the temperature is sufficiently low, i.e. 2kBT  ∆E, the
relaxation rate can reach the temperature-independent value of T−11d ≈ K, which is the transition
probability of the phononic spontaneous emission [6]. In this work, when T = 100 mK we have
9
T−11d = K coth(∆E/2kBT ) = 1.020K. This means that the T1e of 17 s measured at 100 mK
has reached the limit imposed by the spontaneous emission of the phonons.
When B0 = 458.2 mT, at which the even isotopes with I = 0 were under investigation, a
single-exponential function is sufficient to fit the T1e recovery curves. However it is not the case
when B0 was set to 402.7 mT at 300 mK and 100 mK; see Fig. S13. The slower recovery pro-
cess may originate from a combination of electron-nuclear spin cross relaxation and some NMR
transitions with very slow relaxation rates when the temperature is below the Zeeman temper-
ature of the electron spins. Nevertheless, the time constants obtained from single-exponential
fits were still adopted as our results for T1e over the full experimental temperature range from
100 mK to 6 K.
At temperatures from 100 mK to 6 K, T2e is dominated by SD and ID effects, which can be
expressed as T−12e = T
−1
1e +T
−1
2,SD+T
−1
2,ID [7], in which the influence of electron spin relaxation is
also included. Here, we ignore the flip-flop of the Nd3+ electron spins due to the predominance
of the effect of the inhomogeneous EPR linewidth over that of the dipolar interaction strength.
SD originating only from the random flipping of neighbouring electron spins is now considered.
Although Nd3+ ions preferentially undergo substitution at one of the crystallographic sites
[3], for some orientations of B0, a signal from Nd3+ ions located at the other crystallographic
site can still be observed, as shown in Fig. S14 and in the optical spectrum in [2]. These findings
indicate that Nd3+ located at site II should also contribute to the spin dynamics of Nd3+ at site
I.
The SD effect can be expressed as [7]:
T−12e,SD =
√
piΓI,IRI/2 +
√
piΓI,IIRII/2 (3)
where ΓI,j corresponds to the dipolar linewidth due to the electron spins of Nd3+j and Rj rep-
resents the spin flip rate of Nd3+j , which can be simply expressed as T
−1
1e . However, no EPR
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signal from Nd3+j spins at site II can be detected when B0 is close to the D1 axis. Thus, in this
case, the SD effect can be approximately expressed as:
T−12e,SD =
κ
2
√
piΓI,IRI (4)
The free parameter κ partially reflects the influence of Nd3+ at site II and of the anisotropy
of the g tensor, which increases the dipole-dipole interaction [3, 8]. κ was set to 15 to gen-
erate the fitted curve shown in Fig. 4. The dipolar linewidth ΓI,I is calculated as ΓI,I =
piµ0h
9
√
3
γ2ensech
2( hfr
2kBT
), where γe denotes the gyromagnetic ratio dfr/dB0 calculated using the
Hamiltonian determined previously.
The effect of ID is clearly shown in Fig. S15 with the variation of the tipping angle of the
second refocusing pulse. 〈sin2 θ
2
〉 denotes the averaged spin-slip probability:
〈sin2 θ
2
〉 =
∫ ∞
−∞
ds
pi
sin2( θ
2
√
1 + δ
2
χ2
s2)
(1 + s2)(1 + δ
2
χ2
s2)
. (5)
Here, n represents the density of the resonant spins that can be driven by MW pulses; χ is the
Rabi frequency; 2δ = 51 MHz, which is the FWHM for a Lorentz line, and θ is the nominal flip
angle of the electron spins.
There have been other simplifications when modelling the spin decoherence rates. For ex-
ample, there are 18 EPR lines for Nd3+ ions located in each of the crystallographic sites as
shown in Fig. 2(a). Each of them can have different relaxation rates, but here we treat them
uniformly. Also, due to the large hyperfine coupling, even at 100 mK, there can be some portion
of the electron spin not completely polarized. In addition the electron spin flip-flop process is
omitted in this work [7].
T1n decay curves recorded at 75 mK, 100 mK and 200 mK are shown in Fig. S16. The
temperature dependence of T1n is modelled by Eq. (1) in the main text. The fitted parameters
are σ = 0.126, γd = 7.3× 10−5 s−1, γr < 10−7 s−1K−9, and γo = 1× 10−32 s−1.
11
The temperature dependence of T2n is modelled by:
T−12n =
1
2
T−11e +
κ′
2
√
piΓ′I,IRI +RN (6)
The first term is a bound on T2n for a system with significant hyperfine interactions [3, 9]. RN
represents the SD induced by the flip-flopping of the nuclear spins in the host material Y2SiO5,
which is independent of temperature [10]. The flip-flopping of the nuclear spins that are closest
to the central Nd3+ ion is suppressed by the frozen core effect [7]. The second term describes
the SD from the random flipping of electron spins of Nd3+ located at sites I and II [7]. Here,
Γ′I,I =
piµ0h
9
√
3
γeγnn
′sech2( hfn
2kBT
). In this expression, fn = 212.4 MHz, representing the NMR
resonance frequency. At the temperatures investigated in this study, sech( hfn
2kBT
) ≈ 1. n′ is
the effective electron spin density when the temperature is low enough to polarize the electron
spins; n′ = n · p, where p = 1
1+exp( hfr
kBT
)
. γn is the gyromagnetic ratio of the nuclear spin, which
is calculated using the spin Hamiltonian. We used 1/RN = 70 ms and κ′ = 24 to generate the
fitted curve in Fig. 4.
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Fig. S1 Verification to the sample temperature during experimental pulse sequences through
the coherent dynamics of the electron spin
(a) ESE decay experiment performed at 100 mK with RF heating intentionally introduced. (b)
ESE decay experiment performed at 100 mK without the additional RF pulse. Soft MW pulses
were used to generate the ESE signal.
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Fig. S2 Temperature variations of the MC plate during the MW and RF heating
The tests were started when the MC temperature was 10 mK. The temperature sensor was
mounted on the MC plate. During the MW and RF heating tests, a pi/2 - 1 µs - pi MW pulse
sequence (with a pi pulse duration of 52 ns) and 1-µs-long RF pulses were applied, respectively.
The peak power of the MW and RF pulses are 20 W and 100 W, respectively. To prominent the
heating effect, a high repetition frequency of 1 kHz was used. The predominance of RF heating
over MW heating can be clearly observed from the temperature variation curves shown here.
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Fig. S3 Characterization of the ENDOR resonator
(a) Rabi frequency of the electron spin as a function of the MW frequency. The black dots are
measured data; the red line is the Lorentzian fitting. (b)(c) Rabi oscillations of the EPR and
NMR transitions, respectively. HP pulses were utilized in these investigations. All of these
results were taken at 6.0 K.
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Fig. S5 Determination of the corresponding nuclear spin projection mI for the four NMR
transitions measured by Davies ENDOR
(a) Pulse sequence of Davies ENDOR [12] (b) The set of marked EPR lines belongs to 143Nd3+
ions located in one of the magnetically inequivalent classes. This can be verified by Davies
ENDOR results acquired at various B0 values corresponding to these EPR lines. Thus, it can be
deduced that the resonance lines at B0 = 402.7 mT and B0 = 385.2 mT correspond to the EPR
transitions |−1/2,+3/2〉 → |+1/2,+3/2〉 and |−1/2,+5/2〉 → |+1/2,+5/2〉, respectively.
The NMR transitions N(mS,+3/2) (mS = ±1/2) are shared by these two EPR transitions. It
can be seen that the two peaks located at ∼ 165 MHz and 172 MHz coexist in the two spectra
shown in (c) and (d), indicating that these two lines correspond to the transitions N(ms,+3/2).
It can then be deduced that the ENDOR lines at 212.4 MHz and 219.7 MHz correspond to the
NMR transitions N(ms,+1/2) when B0 = 402.7 mT.
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Fig. S6 An illustration to the pulse sequence shown in Fig. 2(c) performed to decide the
ascription of the NMR transitions to the electron spin projection mS
The MW and RF pulses used for phase refocusing are omitted here. The state population
is shown with purple circles. Compulsory population transfers are represented by blue (for
those induced by MW excitation) and red (for those induced by RF excitation) arrows. The
blue dashed arrows represent the electron spin relaxation process. Coherence is represented by
brown wavy lines.
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Fig. S7 Spin-echo signal recorded at the end of the sequence presented in Fig. 2(c) when
RF frequency was set as 165.9 MHz and 172.8 MHz.
When B0 = 402.7 mT four of the NMR transitions with ∆mS = 0, ∆mI = 1 can be de-
tected by a standard Davies ENDOR experiment as shown in Fig. S4(c). Two of them (with
transition frequencies of 212.4 MHz and 219.7 MHz, corresponding to N(±1/2,+1/2)) have
been involved in the experiment described in Fig. 2(c) and the experimental results are shown
in Fig. 2(e) and Fig. 2(f). As a basis for the investigations of the transitions N(±1/2,+5/2)
through the generalized Davies ENDOR experiments, the ascription of the other two “allowed”
NMR transitions (i.e. N(±1/2,+3/2), with resonance frequencies of 165.9 MHz and 172.8
MHz) to certain electron spin projections is also necessary. As shown here, these results are not
very clear, possibly due to the imperfect RF excitation or the electron-nuclear cross relaxation.
Thus, the echo signals recorded with (shown in blue) and without (shown in red) the generation
of nuclear spin polarization, along with the difference between them (shown in grey), are pre-
sented here. The explicit echo pattern displayed in (b) indicates that the NMR transition with a
resonance frequency of 172.8 MHz is located in the lower electron spin state.
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Fig. S8 Examples for the generalized Davies ENDOR sequences performed in this study,
and its illustration
(a) Pulse sequence used to search for the NMR transitions N(mS,−1/2), where mS can be
chosen to be +1/2 or -1/2. To investigate the transition N(−1/2,−1/2) (N(+1/2,−1/2)), pi
pulses with a frequency of RF1 (RF2) were applied at the corresponding position in the se-
quence. Here, ‘RF1’ and ‘RF2’ denote excitation frequencies of 212.4 MHz and 219.7 MHz,
respectively. ‘+’ and ‘-’ denote the sign of the selected mS . The RF frequency was swept
across the transition frequency. (b) An illustration to the sequence shown above. In this case,
M = 2; the NMR transition in the lower spin level will be detected. For greater M , or NMR
transitions in the upper spin level, the operations are similar. The orange circles represent the
excessive state population in the high-temperature approximation (hfr  2kBT ). Routes for
population transfer are denoted by purple arrows, and compulsory transfers and electron spin
relaxation are represented by solid and dashed lines, respectively. (c) Pulse sequence used
to search for the NMR transition of N(±1/2,−3/2). Here RF1 represents the transition of
N(−1/2,+1/2); RF2 represents the transition of N(+1/2,+1/2); RF3 represents the transi-
tion of N(−1/2,−1/2); RF4 represents the transition of N(+1/2,−1/2). In this sequence the
‘tidy sequence’ is omitted. The experimental results are shown in Fig. S10(b) and Fig. S10(f).
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Fig. S9 Investigation of the transition N(±1/2, 1/2)
(a) Two ENDOR lines corresponding to N(±1/2,−1/2) with M = 2. Note that these two
spectra do not intervene with each other. (b) ENDOR signal with (shown in blue) and without
(shown in red) the Tidy sequence. The average number was set to 50; the experimental repetition
time tr was set to 20 ms. The result in (b) was acquired during the second period of cooling,
where B0 = 411.8 mT and the temperature was 5.8 K. (c) Pulse sequence applied to detect
the Rabi oscillation of the transition N(−1/2,−1/2), which is unreachable with conventional
ENDOR techniques. (d) Rabi oscillation of the transition N(−1/2,−1/2).
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Fig. S10 A collection for the rest of the signals obtained with the generalized Davies EN-
DOR experiments
ENDOR signals of |+1/2,+5/2 >→ |+1/2,+7/2 > (a), |+1/2,−3/2 >→ |+1/2,−1/2 >
(b), | + 1/2,−5/2 >→ | + 1/2,−3/2 > (c), | + 1/2,−7/2 >→ | + 1/2,−5/2 > (d),
| − 1/2,+5/2 >→ | − 1/2,+7/2 > (e), | − 1/2,−3/2 >→ | − 1/2,−1/2 > (f), | −
1/2,−5/2 >→ | − 1/2,−3/2 > (g), and | − 1/2,−7/2 >→ | − 1/2,−5/2 > (h).
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Fig. S11 Field-swept ESE spectrum and temperature verification results obtained in the
second period of cooling
(a) Field-swept ESE spectrum recorded during the second period of cooling at a temperature of
6.5 K. B0 was still close to the crystalline D1 axis, but its relative orientation deviated slightly
from that during the first cooling period. The resonance line atB0 = 411.8 mT corresponding to
the EPR transition |−1/2,+3/2〉 → |+1/2,+3/2〉 is marked with a blue arrow. (b) Integrals of
the spin-echo profiles recorded at various temperatures. The solid line is the fitted curve based
on Boltzmann distribution; see the main text. The echoes were obtained using a sequence of the
form pi/2 - τ - pi - τ - echo, with τ = 1 µs. B0 was set to 452.5 mT corresponding to the even
isotopes with zero nuclear spin, as marked with a green arrow in (a).
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Fig. S12 Angular variation of the magnetic field B0 on the bD1 (a), D1D2 (b), and bD2 (c)
planes. The calculated results are represented by solid lines.
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Fig. S13 Inversion recovery of the electron spin of 143Nd3+ recorded at B0 = 402.7 mT
below the Zeeman temperature
(a) Inversion recovery taken at 100 mK. (b) Inversion recovery taken at 300 mK. Single-
exponential fits are shown as solid red lines.
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Fig. S14 EPR signals from the 143Nd3+ ions located at the crystallographic site II
(a) Field-swept ESE spectrum recorded with B0 close to the crystal b axis. (b) Field-swept ESE
spectrum recorded with B0 in the bD1 plane with an angle of approximately 15◦ to the b axis.
The EPR lines of 143Nd3+ at site II in (a) are clear and are well separated from the signals from
site I. As B0 was tuned away from the b axis in the bD1 plane, the signals from site II gradually
moved to the low field region and became increasingly elusive. This is demonstrated in (b),
where the EPR lines from site II are indicated by the shaded region. In fact, we were unable to
detect the site II signal whenB0 was set close to the D1 axis, probably because of the anisotropy
of the spin system.
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Fig. S15 1/T2e versus the average spin flip probability 〈sin2(θ/2)〉
Experimental results with soft MW pulses. Here, the MW power was set to approximately
75 mW. Experiments were conducted at 5 different temperatures below 1 K. Solid lines are
corresponding linear fits.
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Fig. S16 Examples of the decay of the spin-echo amplitude monitored at the end of the
sequence in Fig. 2c as the waiting time TW was increased
The plots are for sample temperatures of 75 mK (a), 100 mK (b), and 200 mK (c). The red lines
are single-exponential fit curves, whose time constants are adopted as the results for T1n.
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Isotope EPR Transition αD (s−1T−5) αR (s−1T−9) αO (s−1) ∆O/kB (K)
even isotopes |mS = −1/2〉 → |mS = +1/2〉 0.82 5.68× 10−6 3.13× 1010 110.51
143Nd | − 1/2,+3/2〉 → |+ 1/2,+3/2〉 1.4 3.85× 10−6 1.36× 1010 105.46
Table. S1 Parameters used for the fitting of the temperature dependence of T1e shown in
Fig. 1(c) and Fig. 3.
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